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I!ODUCTION

During the past ten or fifteen years, the aeroswae industry has
placed strenuous demands upon our in-entory of high tetperatt-e organic
polymerb. These polymcre have served in a variety of ablative areas
such as in nose concs, roc-ket cctwes and nozzle sections, and heat shields
for re-i-atry vehicles. Theae polykeric materials are not ideal but they
do perform their function adequately, for the most part. However, the
demands of our misailes vit52 their ever increasizg energy limits, Vill
tax the perfo~rmance of our pre sent day ablative insulators to the point
of failure.

A great deal of ablative test' 'g of candidate nsulator materials
has been performed in the past severeal ymazx. A .-ide srxactw-mi of polymaric
materials have been screened alone an& in combination vith varied perecent
and type of fillers in a number of -lifferent oblative environments. As
a result, the more promising materials vers tested further under the
more exacting conditions of their proposed use, and were finally claofeu
as acceptable or discarded.

However, performance-vise, iie have almost comfpletely exhausted ovr
readily available polymeric insW3Mors and cambit'ations thereof. To
further increase ablatiwN Insulation efficiency, ime must synthesize naii
polymers. To do this we must have a better insight Into what a good
ablati-ve insulator is structurally composed of. Therefore, it iv tbp
purpose of the vork reported herein to correlt 'e the chemical amd
physical properties of orge-.c polymers vith their ablative perforrmace.

It has been generally believed thab organir. polymers containing
a large percent of aromaticity and a high crosslink density would give
the best ablative performance. This is exhibited by the phenolic resins.
However, several deviatiuns from this so-called "rule" vert: found in
the work reported here.

This program has been divided into three main phases. The first
phase of the vork is containa1 iru this report. It involves research
on the more co~on epoxy resins comercially available to relate structure

to terml sabiityandablative performance. (Ppoxy resins were used

as model compounds. Various curing agents vere also used to determine thw
dependence of epoxy resins on their ctuimg agents in this same regard.
The second phase encompsases a study of the more exotic epoxy resins with
novel structures including the family of epoxy rsovolacs. This second

phae vllterminate the rsac ncmecal vial px eis
Based on the conclusiors derived from Phase I and Phase II data, a
syntheses program (Phase III), will be undertaken. This synthesis ill,
be aimed at integrating in one polymer as many of the structural components

as possible vhich will give a good ablating material.
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Research was performed on the model epoxy compounds described herein
by means of thermal gravimetric analyses, infrared spectroscopy and "alpha
rod" testing. This report contains the data from thesc tests, its meaning
and its use towards the correlation of the chemical and physical properties
of a polymer with its ablative properties.

IEORETICAL

General

In order that the purpose of this program be achieved it was essential
that a model system be employed. Toward that end thz family of epoxy resins
was chosen. Epoxy resins serve well as model compounds for a number of
reasons. First, a wide variety of resin structures is possible, ranging
from the highly aromatic and highly functional novolac type to thP conventional
bisphenol-A-epichlorohydrin condensate to the cyclic aliphatic type to the
straight chain aliphatic type and so forth. In short, an epoxide resin
can be made from virtually any type of chemical structure. Also, the curing
agents employed with epoxy resins offer versatility in regards to mode or
type e.g., a pcyamine resin will result from the use of an amine curing
agent or a polyester tZ'pe resin as a result of an anhydride cure or polyether
type resin as a result of a catalytc 3ure with a tertiary amine. The curing
agents also offer versatility in that they may be aromatic, straight chain
ali~hatic, cyclic alipbatjc, heterocyclic, and so forth.

Second, and most important, you can determine with a good degree of )
certainty, the c'temical and physical properties of the final polyrnrized
structure. Knowledge of te final structure is essential for the - urpose
of this program and is arrived at by: 1) knowing the initial resin and
curing agent structure, 2) knowing in detail, the reactions to be expected
during the cure of the resin, 3) chemical end-group analysis to determine
the percent conversion of epoxide, 4) crosslink studies to determine the
crosslink denLJty, 5) infrared spectrographic analysis to determine
completeness of convers~ou of epuxide and consumption of curing agent.

Third, the epoxides were cho3en as the model sfLtem because they are
relatively easy to work with. Last but by no means least, the epoxides
have shown some promise already in aerospace applications such as heat
shields for re-entry vehicles. Therefore, although realizing that better
ablators could be prepared for near-immediate use by optimizing filler-
polymer combinations of exicting aerospace materials, it was felt that
the conclusions derived from this study of model compounds would be more
valuable over the long run.

Epoxy Resins Used in Phase I

The choice of epoxy resins was designed to explore the structural
spectrum of epoxy resins in regards to the aims of this program.

2
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In Figure 1, the idealized structure of an epoxy novolac is
represented in formula 1. This novolac, it was predicted, would give
the best ablative performance due to its high degree of aromaticity and
functionality.

Formula 2 of Figure 1 again represents an idealized structure of
a resin that is actually composed of various isomers and homologues. This
compound looked interesting because its high degree of aromaticity and
functionality is equal to that of many of the novolacs.

The "standard" epoxy resin, the bisphenol-A-epichlorohydrin condensate
is represented by formula 3 in Figure 1. This resin is the "workhorse"
of reinforced plastics. A close look at its thermal stability and ablative
performance was desired so that we might have a "standard" with which to
compare future work. Our final choice of resin was a purely aliphatic
epoxy resin with low functionality as represented by formula 4 in I-igu 1.

C2rin Agents Used in Phase X

The .shoice of curing agents was designed to cover .he range of curing
agents from di and trifunctional anbydrider to aliphatic and aromatic
amines. The curing agents are represented in Figure 2. Ideally, each
curing agent would be used with each epoxy resin in Figure I. However,
due to cure difficulties such as insolubility and high exotherm, this
was not always possible.

Mechanism for Amine Cure of Rox Resins

The three reactions whicb are possible wben curing an epoxy resin
with an amine are shown in Figure 3. The nucleophilic attack by the
nitrogen atom on the epoxide carbon to form secondary and tertiary amines
is the main reaction (Fig. 3, No. I aud No. 2) as shown by Wynstra, et
rA (ref. (a)). Reaction No. 3, Figure 3 is an etherification type reaction
which can occur between epoxide groups and hydroxyl groups. These are
formed for ex=ple in reactions (1) and (2). However, reaction No. 3
seldom occurs below 200"C when uncatalyzed. Tiertiary amines can catalyze
this reaction at much lower temperatures but the tertiary amines formed
in reaction No. 2 are too sterically hindered and immobile to efficiently
catalyze rnaction No. 3. The hydroxyl formed in No. 1 and No. 2 can aid
the amine epoxide,reaction by hydrogen bonding to the epoxide oxygen
and thereby aiding the opening of the ring. Therefore, reactions No. 1
and No- 2 are by far the main reactions almost to the exclusion of reaction
No1 3.

Mechanism for Acid AIhdride Cure of Mpoxy Resins

The mechanism of cure of epoxy-an ydride systems is generally more
complex than for epoxy-amine systems. The three major competing reactions
in epoxy-anhydride systems axe given in Figure 4. The anbytoide ring is
somewhat unreactive in regards to epoxy. Therefore, in reaction No. 1,

S
t
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the anhydride reacts with an hydroxyl group to form the monoester and
the monoacid. Then, the monoacid may react with an epoxide to give the
diester and an hydroxyl with which to continue the polymerization as in
reaction No. 1.

However, reaction No. 3 assumes inportmce in the anhydride cure
of epoxy resins as noted by Dearborn, et al (ref. (b)). The acid catalyzed
etherification reaction results in a polyether whereas the anhydride-
epoxy reaction results in a polyester. Therefore, the properties. both
thermal and mechanical, of the cured polymer will depend upon what extent
this reaction (No. 3) competes with reactions No. 1 and No. 2.

In the acid anhydride cure of the epoxy resins of this program,
85% of the stoichiaometric imount of curing agent was used. This allows
for 15% etherification It would have been prohijitive timevisej, to
optimize the polyether-polester ratio for each system and therefore the
85% stoichiometric amount of anhydride was chosen.

Filler

This program is ultimately concerned with the development of a better
organic ablatoz than is currently available. Hoever, it was felt that
some of the epoxide models used might ablate so quickly in the "alpha rod"
test that differences in ablation rate would not be discernible. Therefore,
it was decided to test both filled and unfilled specimens.

The choice of filler was dictated by a variety of factors which
include handling, as well as its past use in ablative coposites. A
20% loading of finely ground (+ 100 mesh) Si0 2 was used throughout along
with 5.0% (of the 20% filler) TiO. The thought behind the TiO2 was
that it might possibly reduce rad.ative heat by parially reflecting
it. As ve shall see later hovever, it proved to be of little if any value.

mm EXPIMTAL

The resins and curing agents given in Figures 1 and 2 were mixed
and cured according to set schedules. As mentioned before, due to diffi-
culties in solubility. exotherm, and so forth, not all curing agents were
used with every epoxy resin. The stoichiometric amount was used for
amine curing agents. In the case of anhydride curing agents 85% of the
stoiihiometric amount was used for reasons outlined above in the theoretical
section. Postcures up to two days and 2250 C vere imposed upon the systems
depending on the resin wnd curing agent involved.

As a rule, 200 gp quantities of resin were used. After mixing
the curing agent and resin, castings were made in rod shapes approximately
one inch by five inches. These rods were then either machined into
"alpha rods" or ground into powder and sieved (+ 60 mesh) for the various
experiments.

Af'
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Thermal Gravimetric Aanis

Thermal gravimetric analysis (TGA) was one of the two major tools
used in this program. From TGA X-Y plots, one can readily observe the
thermal stability of a polymer. Also, it was hoped that some correlations
between the TGA curve of a polymer and its ablative performance could be
made. As we shall see later on, this was possible to some extent.

The TGA apparatus used in this program was constructed around an
Ainsworth Model RU-AV-2 semimicro vacuum recording balance. The apparatus
and its operational characteristics are given in reference (c). A picture
of the apparatus is given in Figure 5.

Generally, twenty milligram powdered samples, (+ 60 mesh - 80) were
employed in the TGA. The entire system was put under a vacuum at approxi-
mately 0.05 mm Hg and a heating rate of 5Cfmin was used. The X-Y TGA
plots shown in this report were redrawn from the tracings of the TGA
apparatus's two-pen Bristol recorder.

"Alh-Rod" Testing

The "alpha-rod" test constituted the second major tool of this program.
The "alpha rod" and the test;ing thereof in the oxyacetylene torch facility
is well covered e.Verimentally and theoretically in references (d), (e) and
(f). The "alpha rod" oxy-acetylene torch apparatus is showa in Pigure 6.
Briefly, the "alpha rod" which is 3/4 inch in diameter and possesses a
thermocouple imbedded 3/8 inch behind its front face, is fed forward through
the heat shield at a rate equal to lbat of its ablation rate. The position
of the front face remains fixed, flush with the end of the flame shield.
Thus conditions of constant cme-dimensioual heat flux exist at the front
face of the specimen. The ablation rate is recorded as ell as its tempera-
ture history. The heat flux encountered by the front face o the "alpha rod"
is approximately 58 cal/cm2 see. Fully realizing that there are a host of
ablative conditions and environments with materials performing differently
in each onep the above described ablation test was chosen as being an average
ablative condition although possibly not duplicating any particular one.

Infrared Spectrocrp

Infrared spectroscopy vas used as a means of verifying the structure
of starting materials as well as to indicate degree of conversion of epoxide.
Also IR was used to determine whether there was any residual free anhydride
after the post cure of an epoxy anhydride system. Selected chars taken
from "alpha rods" were examined using the attenuated total reflectance
technique with the IR. The infrared machine used is a Perkin-Elmer Model
No. 337 Grating Infrared SPectrophotometer.

Cros slink Density

A crosslink density study was conducted on all the unfilled resin
systems given in this report. The percent swelling in solvent vapor

¢5 19I
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technique was used as outline4 by Dannenberg and Harp (ref. (g)). By this
method, the greater the increase in weight of a powdered resin systew the
lower is its crosslink density. The value determined by this method is
relative and not absolute. However, it is a simple arl reproducible method
of determining crosslink densLty. The purpose of this ctudy was to try
to correlate crosslink densit, with ablative performance of the resin
systems.

RESULTS

Thermal Gravimetric Agalysis

The TGA results are given in both graphical and tabular form in
Figures 7 through 13 and Tables I, 2 and 3. The graphs show general trends
whereas the tables give more detailed information on the thermal degradation
of a polymer system.

Figure 7 shows the most thermally stable resin system of each epoxy
resin studied in Phase I. Also a phenolic was added for comparison. The
general trend shown here is that which prevails throughout all the epoxy
resin systems in this report, that in, the aliphatic epoxy resins performed
poorly, bisphenol-A type resins performed better and the novolacs performed
the best. Except for the aliphatic resin, all systems shown in Figure 7
had only a 10% weight loss in the region of O00C.

Figure 8 shows the bisphenol-A type resin systems. All curves are
similar with the exception of PMA-Epon 828 curve which will be explained
later. Figure 9 shoms Epon 1031, cured vith various anbydrides and saines.
It is interesting to note the wide range of temsperatures at which initial
degradation takes place and yet all the systems seen to converge at 550

6000C to one curve.

Fi,. e 10 shows the widest spread of values cf any epoxy resin in this
program. Initial degradation varies over a range of 150eC depending upon
curing agent used. Note the fairly wide temperature range over which the
NMA cured specimen decomposes as opposed to the DADPS cured specimen. Also,
again note the step curve of the MA cured specimen.

Tetrahydhth3Ic anhydride (TWA) proved to be one of the poorer
curing agents as is shown in Figure 1. The mode of decomposition of each
resin with TWA seems similar. Only after 60% wight loss does a major
difference appear. After 60% weight loss the resins seem to fall out on
a plateau indicative of the degree of aroatlcity which each possesses,
Epon 828 havi g the lowest and Epon 1031 the highest.

In Figure 12 we see the ability of DADPS to produce thermally stable
polymers. Hoever, once thermal degradatioi is initiated, the polymer
systems decompose rapidly. Again note the superiority of the novolacs
over the bisphenol-A type resin.

6
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In Figure 13 we again see the effect of NMA on the various resins.
All curves are similar, although displaced to the right or left depending
on their aromaticity and functionality. All have the characteristic
plateau effect of NMA cured epoxy resins in the region of 225 to 300oC.
Again note the superiority of the novolacs over the bisphenol-A type resin
in the area above 60% weight loss. This will be discussed later.

"Alpha Rod" Testing

The results of the "alpha rod" tests are given in Table 1 along with
the percent char as determined by TGA, crosslink density and specific
gravity. The ablation rates of most of the epoxy systems were high for
the most part falling in the range of 9.0 to 13.8 mils/sec. However, the
epoxy novolacs in combination with NMA and 20% filler, performed well with
ablation rates of 1.4 and 2.8 mils/sec for Epon 1031 and RDR-701, respectively.
There was little d tfference between the filled and the unfilled specimcns of
the bisphenol-A type. However, almost a tenfold decrease in the ablation
rate occurred for some of the filled novolac-type resins over their unfilled
counterparts. There was a marked improvement in the bisphenol-A type resin
by the addition of 30% filler as opposed to the specimens with 20, 10 and
0% filler.

Crosslink Density

The crosslink density of the resin systems is given in Table 1. Cross-
link densities were widely scattered but a given value was generally repro-
ducible within 1% of the original value. DADPS and MPDA generally gave the
highest crosslink density for any given resin system and in particular was
greatest for the novolac RDR-701. NMA (methyl-bicyclo (2.2.1) hept-5ene-
2, 3-dicarboxylicanhydride) cured specimens had the lowest crosslink densities.

DISCUSSION OF RESULTS

Thermaljgavimetric ARsis

Discussion on the TGA will revolve around Tables 2, 3a and 3b. The
material in thase tables was taken from the TGA curves of the various resin
systems (Figs. 7 thru 13 inclusive).

In Table 2, we see that in general, all the resin systems composed of
the bisphenol-A typb epoxy (Epon 828) have similar values and hence eimilar
thermal decompositions. Therefore we can assert as a generalization that
the standard bisphenol-A type epoy resins exhibit thermal properties which
are independent of their curing agent except in the initial stages of
degradation.

Upon further perusal of Table 2, we note that diaminodiphenyl sulfone

judging by temperatures at which a 10% weight loss has occurred. Somewhat

7
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paradoxically, note the temperature at whi h the NMA cured resins have lost
10% of their weight. i every case, these systems started degrading at a
considerably lower temperature than any of the other systems, yet these
resins ablatively performed better by far than any of the other systems.

In Table 3a the same observations noted above are true. DADPS cured
systems give the lowest percent of the weight loss at 3500 and NMA cured
systems give the highest percent weight loss at 350*C. At 450*C the TWA
cures of the DADPS and NMA cured systems approach one another and in some
cases cross.

A different portrayal of the TGA data is given in Table 3b. From
this type of data a somewhat generalized correlation can be made between
TGA data and ablation rate data. This correlation is only valid for
polymers degrading in the range of 200 to 600"C since this is the only
area in which there is sufficient data at this time. In general, for
a polymer system to perform well as an ablator, it's TGA weight loss
from 5.0 to 75.0% should occur over a temperature range greater than 200*C.
Also, the temperature range from 70.0 to 80.0% weight loss should be greater
thar 200"C. The fact that the first range is large indicates that the resin
degrades slowly and efficiently over a long range such as NMA cured specimens
and as opposed to Epon 828 + DADPS which undergo major degradation over a
small temperature range. The second range (70.0 to 80.o%) should be large
also since this would indicate a small slope which was caused by the for-
mation of a thermally stable char.

'Alpha Rod" Testing

As was noted under results, the ablative performance of these epoxy
resins, whether filled or unfilled, was poor except for the filled, NMA
cured novolac and Epon 1031. These latter resin systems performed well
and developed a strong char. It is proposed that this char is a silicone-
carbon crosslinked polymer formed by the reaction of the epoxide polymer
with the Si0 2 filler at temperatures upwards of 3000*C in the oxy-acetylene
torch facility. This char decreases in density but increases in strength
as you proceed outward from the virgin polymer-char interface. Figures 14
through 16 are photomicrographs of various chars from the "alpha rods" used
in this program. The magnification of the photomicrographs is approximately
6 x.

Figure 14a is the front view of an Epon 1031 + NMA + 20% silica.
This char was formed during the entire duration of the run, (i.e., until
the heat source reached the thermocouple imbedded 3/8 inch from original
front face.) Note the cracks irregularly spaced on the surface. These
cracks are necessary as they allow the diffusion of gaseous degradation
products from the underlying virgin polymers. These gases also break
down further on the myriad hot char surfaces through which they pass,
thus absorbing more heat.

~8



II

NOLTh 65-50

Note in Figue 14b which is the char surface at the virgin polymer-
char interface of the same specimen, that the cracks aem still present
although the overall view of the char is of a denser one.

Figure 14c is a side view of the same char, again note the cracks.

Figure 15a is a photomicrograph of the same type of char but a
different specimen. This front view exhibits an abundance of cracks
through which the degradation gases may pass.

The back view of this same specimen is shown in Figure 15b. Note
here, that there are virtually no cracks in the char structure. Therefore
the degradation gases, although they could diffuse through the char to
some extent, they could not be liberated fast enough to prevent a blow off
of the char by the pressure of these gases.

C Figure 15c is a side-ew of this same npecimen. Note how it is smaller
than the previous char due to premature blow off. Note also the trail off
of cracks and the densification as the virgin polymer-char interface is
approached.

A very dense char is shown in Figure 16a. This is formed by the
polymer system Epon 82 + NIA + 30% silica. However, there are only one
or two cracks of any size to allow degradation gases to escape. Also note
in Figure 16b, the back view of the same char, which is almost free of
cracks and very dense. Therefore due to the entrapment of degradation
gases beneath the char, blow off occurred before the char had reached
1/16" in thickness.

An excellent example of what happens if there is no filler present
is shown in Figure 16c. This is the same material as was used in Figures 14
and 15 except the filler has been deleted. As can be seen, the char is
very flakey and soft. Continual spallation of this char occurred in the
gas velocity range obtained with the o)--acetylene torch. As mentioned
before, the ablation rate of this unfilled specimen is about ten times
greater than its 20% filled counterpart.

Crosslink Densiy

After reviewing the crosslink density and other data in Table 1,
there seems to be no direct link between crosslink density and ablative
performance. The NMA cured Epon 1031 has the lowest crosslink density
of any of the resin systems yet gives the best ablative performance.
RDR-701 and Epon 1031 cured with MPDA have the highest crosslink density
yet their ablative performance is relatively poor. .erefore, it does
not seem possible to establish a correlation between crosslink density
and ablative performance at this time.

~9
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&iMA Cured Epoa y Resins

A study of the unusual stepvise degradation mechanism of methyl-bicycle
(2.2.1) hept-5ene-2,3-dicarboxylic anhydride (NMA) vas initiated after MA-
cured epoxides showed promise as good ablative performers. It is essential
to know the degradation mechanism since this controls the erosion rate to
a large extent. Once the mechanism is understood, it may be possible to
increase or decrease the erosion rate of a material by altering the percent
of NKA or its basic structure slightly.

Infrared work shows that most AMA cured specimens have no carbonyl
frequencies at 1770 cm"1 of 1850 cm- 1 indicating that almost all anhydride
rings have been broken. However, it is possible that some monoacid-ester
remains after cure and undergoes the following reaction in the 250-300*C
rango.

CH 2 50-300C OH 0-oH -V\

The NMA would volatilize off as soon as it was split out under these
conditions. The residual free acid is caused by &n incomplete cure. This
may be due to steric or electronic effects of the methylene bridged bicyclo
structure of HKA in the partial inhibition of the formation of diester.
Decarboxylation also may occur but only as a secondary effect after the I4A
has been split out of the polymer molecule.

CONCLUSIONS

Epoxy novolac and the Epon 1031 type resins aem the most promising
candidates for good ablative resins. Their superiority appears to be due
to their high degree of aromticity and functionality.

Standard epoxy resins (i.e .. bisphenol-A-epichlorohydrin condensate)
are inferior as thermally stable and ablative materials. Their performance,
which is to a large extent independent of the curing agent can be made
marginal only by optimum concentrations of curing agents, fillers and/or
plasticizers. Its low aromaticity and functionality are not sufficient.

Strictly aliphatic systems such as Epon 871 and TETA are inferior
materials in regards to thermal stability and ablation. Such curing agents
as diedinodiphenyl sulfone and metaopherylenediamine which give good thermal
stability to a resin system do not necessarily give it good ablative
characteristics.

10
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The use of a filler such as SiO2 is necessary for good ablative
performance. A crosslinked silicone-carbon polymr is believed to be
formed by the reactioL of certain epoxy novolac systems with the silica
filler in the oxy-acetylene torch test.

RECOMMENDATIONS

Further investigation of the epoxy novolacs should be undertaken. A
fairly wide variety of novolacs are known. Optimization of currently available
novolacs vould give increased knowledge in the correlation of chemical and
physical properties with ablative performance.

Continued research into the degradation mechanism of MA cured epoxies
should be fruitful from a number of points of view.

Investigation of polyethers formed by thz catalytic homopolymerization
of epocides brought about by such compounds as 1FjNH2C2H5 should also be
undertaken.

A study of the effects of other bridged bicyclo anhjdride curing agents
should be interesting also. A whole family of curing agents of this type
is possible using th Diels-Alder reaction.

Various cyclic aliphatic and heterocyclic epoxides should be investigated
as to their ablative performance.
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i

1.) Formation of Seconday Amine

H OH
R-NH 2+ CH 2-CH-R - r R-Ny-CL 2-CHl-R

H

2.) Formation of Tertiary Amine

OH OH
I I-- _ R-NII-CH 2-CH-R + CH 2-CH-- --- R-NII-CH2-CH-R

H CH2

HO-CH

3.) Etherification! A
R-CH- + CH -CH-R - -R-CH-

2 1
OH O-CH2 -CH-.R

2OH

FIG. 3 MECHANISM FOP AMINE CURE OF EPOXY RESINS
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7.) Formation of Monoester

O 0 0

O=C H-C-- OH

H-C-OH +

2.) Formation r' Dies~er

0 0 0 0I II II I II II ' H -- IH-

H--O-C -OH H-C-O-C C-0-CH CH-R
OH+ CH2 -CH-R OH

3.) Etbherfication ,ction
I /0\

H-C-OH + CH 2-CH-R Acid 0 H-C--CH2 -CH-R

Catalyzed OH

FIG. 4 MECHANISM FOR ACID ANHYDRIDE CURE OF EPOXY RESINS
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EQUIPMENT
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FRONT VIEW

CACK VIEW

SIDE VIEW
EPON 1031 + NMA +20% SILICA

FIG. 14 ABLATIVE C14ARS AFTER "ALPHA - ROD)" TEST
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FRONT VIEW

BACK VIEW

SIDE VIEW
EPON 1031 4' NMA - 20% SILICA

FIG. 15 ABLATIVE CHARS AFTER 'ALPHA -ROD" TEST
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FRONT VIEW EPON 1031 i-NMA

FRONT VIEW EPON 828 + NMA + 30%Y SILICA BACK VIEW EPON -828 +NMA + 30% SIICA

FIG. 16 ABLATIVE CHARS AFTER "ALPHA-ROD" TEST
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PHASE I MATERIALS AND SATIOUS

REl7 CUR=N AGMOT FILLER RAE % CHARWS= ap
ails/sa at 552 C 1msm? OAYITY

n898 TA None 13.8 4.0 60.3 -

ppn 82 THPA Yes 1..4 - -

pm 88 Tm Nona- 10.3 9.0 4O.4 -

Epn 828 IA Nme 9.7 11.0 62.2 -

Don 828 MA 10% 9.7 - -
o 8% 0% 9.7 - - -

on 828 WA 30% <1.2 - - 1.38
Ipo 82 TA NOW 10.1 5.0 37.1 1.19
upo 828 TOTA Yes 11.1 - - 1.29

ipon 82 w? None 9.9 11.0 36.6 1.0L

8pon 8 WFDA Yoe 10.2 - - 1.39
DW 8 DAMS None 11.3 8.0 36.3 1.24

itpm 82 DAMPS yon 12.4 w 1 0*f

pon 1031. TEPA Nonle 9.8 22.0 46.4 m

m 1033. WA None 10.9 22.0 97.6 1.26

uOm 1031 UMA yes 1.4 -- 13

IPo 1031 AMS None 10.8 23.0 32.0 -

R-701 DAMS None 10.1 22.0 4.2 1.33
RDR-701 DAMPS Yo - - 1.42
RD-7o1 NKA None 10.9 26.0 57.3 1.28
R-701 WA Yn 2.8 - - 1.38

FMR-701 NPDA None 25.0 3.7 -

RO-701 WPDA Yes 9.9 - - -

IMR.701 WA None 11.8 14.0 27.9 1.30
on 871 TeA None 4.o 51.3 1.03

TABLE 1

At4
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CMAATMV TGA DM~

IPoa 82B + TWPA 3670 4060 J#26o48

IV= 89B + TW1TA 3770 394* 4y1045

IPM 828+ TA 381* -4050 430 50

IV=n 828 + W4DA 4010 430? ~ 496 4500

Spon 828 +. DAWS i&00* 414, 4260 410

RDR-701 + RNlA 3030 40BO 4260 55'
RMR'.70 + THPA 312 398* 5 40

IWR-101 + WMA 3614 y3O3 3900 5350
IDR-70O1 + flAWS 1&L* 27045 505'

Ion 10.1 + MUl 260* 36304o 500

Itpo 1031 +~ TEPA 3650 3930 42? 502'
IV= 1031 + DAWS 4040 422* 4450S 5280

utpm B71+ TM 3260 355e 9 43,0?

TABLE 2
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COWARATIV T'3A DATDA

WEIGHT LOSS VS

S em,3p. _
REM SYS=E 33010 400* 422*

Zpon 88 + MU 22% 30% 68%
Rpm 88 + TZA 8% a1% 77%

zm88+mA5% 20 "5%
EP= 828+ TTA 3% 35% 83%
gp 8g + DA 1% 9% 75%

pon 82B + D s 1% 10% 81%

M-701 .+ ImA 15% 22% 49%
IRDR-701 +9 THPA 10% 26% 73%
RDR-701 + IDA 2% 60% 71%

RDR-701 + DAWPS 2% 6%56
Epon 1031 + IMA 22% 45% 69%
Epon 1031+ 1P 5% 31%6%
Wpn 1031 +DAM~S a.% 8% 55%
pon 873.+ nTA 20% 55% 83%

TABLE 3&
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TEMERMMRAW OVER 1WICH WGT
WSBE8 OF 5 to 75% MN 70 to 80% OCCwi

MW3. RANE 7RWt mP RAMG PMC
RESIN sYsm ~ 5.0 to 75.0% 70.0 to 80.0%

Epon 828 + TMa 1006 109

rpm 828+ TETA 70* 15*
Rpmn 828 + THPA 1650 50

Wpn 898 + WA2000 25'
Wuo 828 + mWDA 550 250

pOm88 + DAEWS 500 100

IMR-701 + T!PA 1959 25*

PDR-701 + MA ~ 2750 80'

EDR-701 + DADPS 100* 130*

RDR-701 + MMPD 1900 3100

ED=n 1031 + NMA 275* 150

Soon 1031 + DAWPS 1355 i000

Epon 1031 + WHA 150* 135*

Lpm 8-a + TA 135* 20*

TAWYE !;b
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